ABSTRACT Molecular interactions and binding are one of the most important and fundamental properties in the study of biochemical and biomedical systems. The understanding of such interactions and binding among biomolecules forms the basis for the design and processing of many biotechnological applications, such as bioseparation and immunoadsorption. In this study, we present a novel method to probe molecular interactions and binding based on surface tension measurement. This method complements conventional techniques, which are largely based on optical, spectroscopic, fluorescence polarization, chromatographic or atomic force microscopy measurements, by being definite in determining molecular binding ratio and flexible in sample preparation. Both dynamic and equilibrium (or quasi-equilibrium) information on molecular binding can be obtained through dynamic and equilibrium surface tension measurements. For an important pair of biological ligand and ligate, Protein A and immunoglobulin G (IgG), the existence of molecular interactions and the binding ratio of 1:2 have been determined unequivocally with the proposed surface tension method. These results are confirmed/supported by a mass balance calculation and spectrophotometry experiment. In addition, adsorption isotherms for Protein A and IgG separately at the air/water interface have been established with the dynamic surface tension measurements. The results show that the Langmuir isotherm equation can describe the adsorption data satisfactorily for both Protein A and IgG solutions.
INTRODUCTION
Interactions and binding between biomolecules are one of the most important events in a wide variety of biochemical and biomedical processes. Examples are binding of ligands to proteins, enzyme-catalyzed chemical reactions, immune responses and signal transduction (Náray-Szabó, 1997; Rarbach et al., 2001; Lee et al., 2001; Caffrey, 2001; Pramanik et al., 2000) . Studies of the interactions between a ligand and a target protein provide the information on the nature of the forces that determine the specific biological functions. This may give us better insight into many vital life and important bioengineering processes. The understanding of molecular interactions and binding also provides the basis for many biotechnology designs and processes, such as rational design of artificial affinity ligands for biopolymers purification (Náray-Szabó, 1997; Tashiro and Montelione, 1995) .
The methods employed in the determination of ligandprotein interactions are often those of physical chemistry, which include optical (Rarbach et al., 2001; Pramanik et al., 2000; Anderson and Weber, 1969; McClure and Craven, 1974) , spectroscopic (Jayaraman, et al., 2000) , fluorescence polarization (Wu et al., 2000) , chromatographic (Bjorklund and Hearn, 1997) , radioactive (Spector et al., 1969) , and atomic force microscopy (Takano et al., 1999; Merkel et al., 1999) . Most of these approaches have limitations, and often require rather restrictive sample preparations (Rarbach et al., 2001; Anderson and Weber, 1969; McClure and Craven, 1974; Jayaraman, et al., 2000; Wu et al., 2000; Bjorklund and Hearn, 1997; Spector et al., 1969) ; therefore, it is somewhat difficult to measure the dynamic process of molecular interactions. Recently, surface tension (g) measurement has been developed for studying protein-small molecule interactions (Chen et al., 1996 (Chen et al., , 1999 . Through the analysis of the g-response pattern, surface competitive adsorption between small organic molecules and protein molecules can be detected. Furthermore, the molecular binding can be studied in terms of dose effects and specificity. This method is flexible in its sample preparation and, more importantly, it is capable of conducting dynamic measurements and hence revealing dynamic aspects of molecular interactions.
However, there are some limitations for the current method to study molecular interactions by measuring the surface tension (g) response to surface area changes (Chen et al., 1996 (Chen et al., , 1999 . Although the method can detect the existence of molecular interactions, it cannot determine some detailed, important characteristics of such interactions, such as the number of binding sites on biomolecules or the binding ratio between the two molecules. The molecular binding ratio has been one of the most important aspects of molecular interactions. Frequently, binding ratios are considered to be an equilibrium parameter; this would require experimental data obtained from sample systems at equilibrium state. Thus, measurement of equilibrium surface tension would be necessary, as opposed to measurement of dynamic surface tension that was employed previously (Chen et al., 1996 (Chen et al., , 1999 .
The principle of the surface tension measurement for detecting molecular interactions is as follows: molecular interactions usually induce changes in physicochemical properties of the molecules involved, e.g., proteins and lipids. Most biomolecules have some degree of surface activity, and can easily adsorb at the surface and hence modify the surface properties. One of the most significant surface properties is surface tension; measurement of surface tension changes will then reflect the interactions between the molecules. Because the surface adsorption and hence measurable surface tension changes need only small amounts of surface active materials adsorbed at the surface, the sample of limited quantity can be most efficiently used, as compared with those for bulk property measurement. As will be seen later, for example, the surface tension measurement is sensitive to protein concentrations as small as a few nanomolarities. In addition, the total solution volume required for the surface tension measurement can be of the order of 1 ml, because of the small size of a pendant drop used in the measurement. This is useful and necessary, in particular, for many biological samples, inasmuch as they are often very expensive to obtain, and also at low concentrations.
In this work, we study molecular interactions and binding between a pair of classical biological ligand and ligate: Protein A and immunoglobulin G (IgG), by measuring both equilibrium and dynamic surface tensions of the solutions of their mixtures. In particular, we show that the molecular binding ratio can be determined from measurement of equilibrium surface tension as a function of their relative concentration.
Immobilized Protein A adsorbents have been extensively used for purification of IgGs (Boyle et al., 1993; Hou et al., 1991; Klein et al., 1994) and removal of human IgG from plasma or serum in the treatment of immune-related diseases (Jones, 1990; Ikonomov et al., 1991; Jia et al., 1999) . Protein A is a highly stable surface receptor with a molecular weight of 42 kDa. It can be produced by Staphylococcus aureus or by recombinant DNA technology. IgG (MW, 150 kDa) has a basic four-chain monomeric structure, consisting of two identical heavy chains and two identical light chains with interchain disulfide bonds. Each light chain has a molecular weight of 25 kDa and is composed of two domains, one variable domain (V L ) and one constant domain (C L ). Each heavy chain has a molecular weight of 50 kDa, and consists of one variable domain (V H ) and three constant domains (C H 1, C H 2, and C H 3). Between the C H 1 and C H 2 domains is the so-called hinge region, which permits flexibility between the two Fab arms of the Y-shaped antibody molecule (Fig. 1) . This flexibility allows the two Fab arms to open and close, accommodating binding to two antigenic determinants separated by a fixed distance. Functionally, an IgG molecule can be divided into two portions: one is Fragment antigen binding (Fab) fragment, which is the antigen-binding site; the other is Fragment crystallizable (Fc) fragment, which has many effector functions, such as binding complement, and binding to cell receptors on macrophages and monocytes.
The physicochemical properties of the Protein A-IgG binding have been investigated using x-ray crystallography (Deisenhofer, 1981) , radioimmunoassay (Nardella et al., 1985; Vidal and Conde, 1985) , and spectrophotometry (Sjöquist et al., 1972) . It is known that Protein A has high affinity for the Fc portion of IgG (Boyle and Reis, 1987) . The binding between Protein A and IgG leads to formation of Protein A-IgG complexes, which can precipitate out of the aqueous solution (Sjöquist et al., 1972) . However, one of the most important characteristics of the binding, namely the binding ratio between Protein A and IgG, has not been determined undisputedly. From the UV absorbance, the amount of IgG in the precipitate of the Protein A-human IgG complex was calculated, and a molar ratio of 2.1:1, between IgG and Protein A, was obtained (Sjöquist et al., 1972) . But from a sequence study of Protein A (Uhlén et al., 1984) , five IgG binding domains on a Protein A molecule have been proposed. Further studies (Lindmark et al., 1981; Sjöholm, 1975 ) stipulated a 1:1 molar binding ratio. It is thus necessary and interesting to use an independent experiment to determine the binding ratio. This determination will have significant implications in many biochemical and biomedical applications; it will form the basis for evaluating the efficacy of immobilized Protein A adsorbents in IgG purification.
The proposed surface tension probe of molecular binding can be realized by many surface tension measurement FIGURE 1 Schematic representation of an IgG molecule. IgG (MW, 150-kDa) have a basic four-chain monomeric structure consisting of two identical heavy chains and two identical light chains. The heavy chain contains one variable domain (V H ) and three constant domains (C H 1, C H 2, and C H 3). The region between the C H 1 and C H 2 is the hinge region and permits flexibility between the two Fab arms of the Y-shaped antibody molecule, allowing them to open and close to accommodate binding to two antigenic determinants separated by a fixed distance. Functionally, an IgG molecule can be divided into two portions: Fragment antigen binding (Fab) fragment, which is the antigen-binding site, and Fragment crystallizable (Fc) fragment, for which Protein A has high affinity.
techniques; typical ones are DuNuöy ring tensiometer (Suttiprasit et al., 1992.) , the drop volume technique (Tornberg, 1978) , the Wilhelmy plate technique (Paulsson and Dejmek, 1992) , and the pendent drop technique (Ward and Regan, 1980) . A detailed discussion about the four methods has been documented (Chen et al., 1996) . In this study, we choose one of the pendent drop methods, Axisymmetric Drop Shape Analysis Profile, which is a novel technique to determine interfacial tensions from the shape of axisymmetric menisci (Rotenberg et al., 1983) . Its basic principle is to fit the experimental drop profile to a theoretical one given by the Laplace equation of capillary, and the surface tension is generated as a fitting parameter. Details of the methodology and experimental setup can be found elsewhere (del Rio and Neumann, 1997, Neumann and Spelt, 1996) .
It should be noted that the sample preparation for the Axisymmetric Drop Shape Analysis Profile measurement is straightforward, and much simpler than many other methods for studying protein interactions, such as those based on fluorescence, where a fluorescent dye is generally required in the compound of interest. Sometimes, the effect of the inclusion or creation of the fluorescent dye on the test compound has to be established before a meaningful binding experiment can be conducted. In addition, the pH of the solution can be adjusted readily in the surface tension measurement, whereas the fluorogenic substrate methods generally require basification of the medium to achieve optimal detection sensitivity (Gee et al., 1999) . The rather restrictive sample preparation may also be seen in the atomic force microscopy-based methods, where immobilization of protein pairs to the atomic force microscopy tip and the scanning surface, respectively, must be accomplished before the binding energy can be explored (Takano et al., 1999 , Merkel et al., 1999 .
To complement the surface tension measurements, a mass balance analysis and spectrophotometry experiment are also performed. The mass balance analysis of the precipitate formed by Protein A-IgG complexes would give an estimate of the complex concentration with respect to initial monomer concentrations of Protein A and IgG, and hence confirm a molar binding ratio determined by the surface tension measurement. The spectrophotometry experiment is conducted as a function of time when Protein A is mixing with IgG in an aqueous solution. The measured UV absorbance would reflect the time sequence of complex formation and precipitation, and corroborate the dynamic surface tension measurement and hence reassure the equilibrium tension determination.
MATERIALS AND METHODS

Materials
Protein A, produced by Staphylococcus aureus, was from ProZyme (http:// www.prozyme.com/technical/protadata.html). Human IgG (reagent grade) was obtained from Sigma Chemical Co. (St. Louis, MO). All other chemicals in analytical grade were from BDH. A 0.02 M Na 2 HPO 4 -NaH 2 PO 4 buffer containing 0.15 M sodium NaCl (pH 7.4) was employed to prepare all protein solutions. The water used was purified by an UltraPure Water System from Millipore Co., with resistivity of 18.2 M 3 V 3 cm.
Surface tension measurement with Axisymmetric Drop Shape Analysis Profile
With the use of a microsyringe, a pendent drop of the protein solution was formed at the tip of a vertical Teflon capillary of circular cross section (inner diameter, 1.5 mm), producing an axisymmetric boundary for the drop. The drop volume ranged from 0.02 to 0.002 ml, although typical values were ;0.02 ml. The system was enclosed in a sealed environmental chamber saturated with water. The drop was illuminated with a white light source, model ACE from Schott-Fostec, shining through a heavily frosted glass diffuser. Images of the drop were obtained through a microscope, model 301310 from OPTEM International, which was linked to a monochrome charge-coupled device video camera, model COHU 4915 from Infrascan. The video signal was transmitted to a digital video processor DT3155 frame grabber board (Data Translation), which would perform the frame grabbing and digitization of the image to 640 3 480 pixels with 256 gray levels. For each protein concentration, the images were continuously captured until an approximately constant surface tension was obtained (see below). The entire setup was placed on a vibration-free table (Technical Manufacturing) to protect the system from external disturbances. All experiments were done at room temperature. The digitized images were analyzed and the surface tensions were obtained by fitting the experimental drop profile to a theoretical one governed by the Laplace equation of capillarity using the ADSA-P programs.
Dynamic surface tensions of individual proteins
To analyze the surface tension data of the protein mixtures, surface tensions of individual protein solutions would be needed. The difference in surface tension between the mixed solutions and single component solutions would indicate the existence and extent of the molecular interactions between the two proteins. To obtain isotherms of individual protein solutions, i.e., the equilibrium surface tension versus bulk solution concentration, the time evolution of the surface tension must be measured. ADSA-P was employed for measuring the surface tension as a function of time, i.e., dynamic surface tension (DST), of the protein aqueous solutions. Because of the change in surface tension after forming the solution drop, the shape or profile of the drop image was varying with time. The experiment would thus continue until the shape of the drop image became constant, i.e., a relatively constant surface tension value was obtained. In the experiment, the drop image was captured at 30-and 300-s intervals, respectively, for 2 and 5 h, for protein A and IgG aqueous solutions. The concentrations of the Protein A solution were 5 3 10 ÿ3 , 5 3 10 ÿ2 , 0.5, 10.0, 25.0, and 50.0 mM. The concentrations of the IgG solution were 6.67 3 10 ÿ3 , 3.33 3 10 ÿ2 , 0.167, 1.67, 3.33, 6.67, and 20.0 mM.
Dynamic surface tension of the mixed Protein A and IgG solution
To quantify the number of IgG molecules that can bind to one Protein A molecule, the DSTs of the mixtures of the two proteins were measured at a series of molar ratios. The IgG aqueous solution (0.3 ml) at a concentration of 1.67 mM was mixed with the Protein A aqueous solution (0. 
Dynamic surface tension of the precipitate in solution
Inasmuch as the complex formed by Protein A and IgG would generate precipitates in the aqueous solution, to determine the effect of the precipitate presence on the surface tension measured from the mixed protein solution, we also performed the dynamic surface tension measurement for the solution containing the precipitate. An IgG solution (1.67 mM, 0.3 ml) was completely mixed with a Protein A solution (0.835 mM, 0.3 ml), with a molar ratio of 2:1. The mixture solution was allowed to stand for 4 h, and then centrifuged for 12 min at 5000 rpm. After removing the supernatant, the precipitate at the bottom of the container was taken out and resuspended in a fresh buffer (0.6 ml). The resulting suspension was used for the DST measurement as described above.
Mass balance analysis
To determine the concentration of the complex formed in the mixture of Protein A (0.835 mM) and IgG (1.67 mM), a 1:2 molar ratio, and to determine if any free protein molecules still existed in the mixture after the complex and precipitate formation, a mass balance analysis was performed for the amount of precipitate with respect to the original weights of the two proteins used in preparing the mixed solution. The sample solution was centrifuged and the supernatant was removed. The precipitate obtained might contain small amounts of water, e.g., due to humidity; thus, it was dried at 1008C for 1 h. The resulting dry precipitate was weighed using an electronic balance with a capacity of 52 g and a readability of 0.01 mg (Ohaus Analytical Plus Balance, Model AP250D, Ohaus Corporation, USA). The weight obtained was then converted into a molar concentration, and compared to the individual protein concentrations used for preparing the mixture.
UV-absorbance measurement of the Protein A and IgG mixture
The absorbances of both pure Protein A (0.2 mM) and IgG (2 mM) solutions were measured in the wavelength range of 190-400 nm using an 8452A Diode Array Spectrophotometer (Hewlett-Packard). The variation in the UV absorbance was also measured for the mixed solution of Protein A and IgG, immediately after adding Protein A solution (0.1 ml, 2 mM) to IgG solution (0.9 ml, 2 mM), in the wavelength range of 190-400 nm. From these absorbance spectrums, the time evolution for complex and further precipitate formation could be estimated.
All the experiments mentioned above were run at least twice to obtain reproducible results.
THEORETICAL BACKGROUND
Here, we provide necessary theoretical backgrounds for analyzing molecular interactions from surface tension measurement. We will show the surface tension behavior in a mixture when the two molecules do not interact. The existence of molecular interactions is ascertained if this predicted surface tension behavior is found to be different from what was observed in experiment.
For a single component system, if the adsorbed molecules form a monolayer at the air/water (A/W) interface, the Langmuir adsorption isotherm can often be employed to describe the surface adsorption (Hansen, 1960) . The Langmuir equation has the following form:
where b is the Langmuir adsorption isotherm parameter in L/ mole, G is the surface adsorption at any time in mole/m 2 , G m is the maximum surface excess concentration in mole/m 2 , and C is the bulk concentration in mole/L. For a dilute solution the Gibbs adsorption equation that relates the surface adsorption and surface tension can be employed, and a surface equation of state can be derived (Adamson and Gast, 1997) :
where g 0 and g are the surface tensions of the solvent and the solution, respectively, in (mN/m); R is the universal gas constant; and T is the absolute temperature in K (Gao and Rosen, 1994) . Eq. 2 can predict the equilibrium surface tension of the solution at small or moderate bulk concentrations. When the system is not a single component solution but rather a binary mixture, then the situation is different. For example, if we consider a binary solution of A and B and also assume that the components do not interact with each other, then the following thermodynamic relations can be obtained (Adamson and Gast, 1997; Neumann et al., 1996) :
This equation can predict the mixture surface tension when assuming no molecular interactions between the two components. When the mixture equilibrium surface tension does not follow the above equation, then qualitatively we can infer the existence of molecular interactions. It is also noted that in Eq. 3 the presence of a second component always decreases the surface tension of the mixture; when this is not the case, molecular interactions must have occurred. On the other hand, when the surface tension is reduced upon an addition of a second component, it is not necessary that no molecular interactions have occurred. In the situations where the surface tension is reduced to a minimum as the concentration ratio between the two components is varied, the so-called surface tension synergism occurs (Siddiqui and Franses, 1996) .
RESULTS AND DISCUSSION
Dynamic surface tension of individual protein solutions
To study the interactions of Protein A and IgG using surface tension measurement, it is essential to determine the DST of the each protein solution first. The DSTs of Protein A and human serum IgG as a function of time at different concentrations are shown in Figs. 2 and 3 , respectively. One can see that the surface tension decreases very quickly at the beginning for higher concentrations (starting at 0.167 mM for IgG and 0.5 mM for Protein A). The surface tension approaches a plateau after ;1.5 h for IgG, and only 3 min for Protein A, which indicates that IgG takes a longer time than Protein A to reach adsorption equilibrium at the A/W interface.
For surface-active proteins, the general adsorption kinetics at the A/W interface may be considered to be a three-step process (MacRitchie and Alexander, 1963) : 1), diffusion of solute molecules from bulk solution to the subsurface region; 2), adsorption of molecules from the subsurface to the A/W interface; and 3), conformational rearrangements of adsorbed protein molecules. The diffusion coefficient (D) of a macromolecule can be estimated using the Stokes-Einstein equation:
where k B is the Boltzmann constant, T is the absolute temperature, h is the viscosity of the solvent, and r is the solute radius (McCammon and Harvey, 1987) . In the equation above, diffusion coefficient is inversely proportional to the molecular size. For the present study, the molecule of IgG has a molecular weight of 150 kDa, which is much larger than that of Protein A of 42.0 kDa. Thus, the value of diffusion coefficient of IgG is much smaller than that of protein A (Tripp et al., 1995) . This will result in a much slower first step of adsorption for IgG. Because of larger size, and possibly more complicated molecular chemical structure, IgG molecules may encounter a higher energy barrier in the second step of adsorption, compared with much smaller, and maybe more mobile, Protein A molecules. Therefore, the second step of adsorption can be significantly slower for IgG than for Protein A. Furthermore, larger molecules can take a longer time to complete reorientation and conformational changes after being adsorbed at the interface. It is possible that the IgG molecules take more time to rearrange themselves to an equilibrium state at the surface than the Protein A molecules. Considering all three kinetic steps for adsorption, it is reasonable to expect that IgG takes a longer time than Protein A to reach a surface tension plateau and approach adsorption equilibrium (Figs. 2 and 3) .
In Fig. 2 , induction times are observed for IgG at low concentrations (3.33 3 10 ÿ2 mM and 6.67 3 10 ÿ3 mM). Induction time is the time during which surface tension remains nearly equal to the pure solvent surface tension. At very low protein surface concentrations, the interface possesses the physicochemical properties of the solvent (buffer solution here), with an equilibrium surface tension of solvent (McCammon and Harvey, 1987) . The solution surface tension will decrease from the pure solvent value only after a certain amount of solute molecules has adsorbed at the interface. For globular proteins adsorbing at the A/W interface, ;50% of the close-packed monolayer surface concentration must be attained before the surface tension decreases significantly from the pure buffer surface tension FIGURE 2 Dynamic surface tension (DST) of the IgG solution at bulk concentrations of 20 mM (d), 6.67 mM (m), 3.33 mM (.), 1.67 mM (s), 0.167 mM (u), 3.33 3 10 ÿ2 mM (j), and 6.67 3 10 ÿ3 mM (r). In each run, drop images were captured at 300-s intervals for 5 h. (Song and Damodaran, 1991) . At low concentrations, IgG molecules of large molecular size need a certain time to diffuse and adsorb to the surface from the bulk, to attain half of the monolayer surface concentration at the A/W interface. The induction times thus appear at low IgG concentrations. However, no induction time is observed for Protein A even at low concentrations (see Fig. 3 ). As protein A is a much smaller molecule compared with an IgG molecule, its relatively quick adsorption kinetics makes the surface concentration of protein A reach 50% of the monolayer surface concentration very fast. The surface tension thus decreases very quickly.
Equilibrium surface tension
As shown in Figs. 2 and 3 , the adsorption of IgG and Protein A approximately approaches to equilibrium in 1.5 h and 3 min, respectively, but the true equilibrium has never been reached. To obtain equilibrium surface tension, methods of data analysis for DST must be used: Method A, the average of the last 10 values of DST data points; and Method B, extrapolation of the plot of g versus 1/t 1/2 (CabrerizoVilchez et al., 1995). Method A is intuitive and easy to use. Method B is based on a transport-controlled mechanism, which asserts a linear relationship between g and 1/t 1/2 when the surface adsorption is approaching its equilibrium (Miller and Lunkenheimer, 1983) . For applying Method B, the plots of g versus 1/t 1/2 for IgG and Protein A at different concentrations are plotted (not shown), respectively. The data at large time periods are fitted to a straight line by linear regression. Extrapolation to zero (i.e., t ¼ ') provides an estimate of the equilibrium surface tension (EST) (g e ) (Miller and Kretzschmar, 1991) .
The EST results obtained by Methods A and B are presented in Table 1 . For Protein A, the equilibrium surface tension, g e , values at different concentrations obtained by the two methods are very close; whereas, for IgG, g e(A) > g e(B) . This is because the obtained DST data of Protein A has almost reached the equilibrium within the experimental time, but not for IgG. Considering the theoretical basis of Method B, the present DST data may better be analyzed with the extrapolation method, and the extrapolated equilibrium surface tension will be used in generating the following adsorption isotherms.
Adsorption isotherms
The EST (g e ) of IgG and Protein A solutions at different concentrations obtained by the extrapolation method is plotted in Fig. 4 . One can see that g e decreases with increasing bulk concentration for both Protein A and IgG solutions. However, the decease in g e becomes much slower and tends to a plateau after a critical concentration (;1.67 mM for IgG, 5 mM for Protein A); it is similar to the surface tension behavior of surfactants where the critical concentration is a critical micelle concentration. Comparing the two isotherms in Fig. 4 , one can also see that the surface tension of IgG is lower than the surface tension of Protein A at the same concentrations. It indicates that the surface activity of IgG is higher than that of Protein A at the air/water interface, and the IgG molecules may be more hydrophobic than those of Protein A. Suppose that the adsorption isotherms of the two proteins follow the Langmuir model; g 0 , G m and b values can be obtained by fitting Eq. (3) to the g e data using the leastsquares fitting method. The radii of the two proteins can be calculated from G m when assuming the two proteins to have a circular cross section at the A/W interface. The results are shown in Table 2 . From the R 2 values, it is seen that the adsorption data of both proteins fit the Langmuir model very well. The fitted theoretical values of the surface tension of the buffer, g 0 , are very close to the experimentally measured one (73.37 mN/m). The fitted radius of Protein A molecule is 1.03 nm; this is reasonable inasmuch as, from a molecular modeling, the dimension of 1.25 nm can be estimated for Protein A (Clark, 1996) . The fitted radius of IgG molecule (0.91 nm), however, is smaller than that reported in the literature (5.5 nm for IgG; Narita et al., 1999) . This is probably due to the orientation of IgG molecules at the A/W interface. Buijs et al. (1995) reported that IgG molecules adsorb mainly in an end-on orientation at hydrophobic surfaces with Fc fragment toward the hydrophobic surface. For our A/W interface, air can be considered to be hydrophobic. The IgG molecules may take such an orientation that Fc fragments stretch out into the air, and Fab arms stay in the bulk solution. This arrangement of the IgG molecule would lead to a much smaller adsorption area at the interface. When the molecular ratio of Protein A to IgG is less than 1:2, the shape of the dynamic surface tension curves is similar to that of pure IgG solution. However, when the ratio increases to more than 1:2, the shape is similar to that of pure Protein A solution (see Fig. 3 ), where the surface tension has a rapid initial drop and quickly reaches a plateau on the order of minutes, and certainly less than an hour. These results indicate that the mixture resembles the pure IgG solution when the molecular ratio of the two proteins (Protein A/IgG) is less than 1:2, and resembles the pure 
where h is the Avogadro constant in 6.023 3 10 23 /mol, and p is a constant of 3.14.
Protein A solution when the ratio increases to more than 1:2. To explain these observations, we may suppose that Protein A and IgG interact with each other upon mixing in solution; at concentration ratios less than 1:2, almost all Protein A has bound to IgG, but there are excess IgG molecules left in the mixture. It is these unbound or free IgG molecules that are surface active and affect the surface tension of the mixture. This would make the DST of the mixture similar to that of the pure IgG solution. When the concentration or molecular ratio of Protein A to IgG is more than 1:2 in solution, Protein A molecules are excess; that is, nearly all of the IgG molecules have bound to Protein A molecules, but there are still some free Protein A molecules left in the mixture. This would result in the DST of the mixture being similar to that of pure Protein A solution. From these arguments, it is also seen that the 1:2 ratio between Protein A and IgG should represent a special characteristic for the binding between the two proteins (see below).
In the above discussion, it is assumed that the complex formed by binding between Protein A and IgG in solution does not contribute to the surface tension variation; only those free proteins, in their monomer form, affect the surface tension behavior of the mixture. To confirm this point, the DST of the complex particles or precipitates formed by Protein A (0.835 mM) and IgG (1.67 mM) at the special 1:2 molecular ratio was measured (see the Materials and Methods section). It is plotted together with the DSTs of the mixture of Protein A-IgG solution at the 1:2 ratio, the supernatant of the Protein-IgG mixture after centrifuging and removing the precipitates, pure IgG and pure Protein A solutions (Fig. 6) . One can see that the precipitates exhibit a much higher surface tension and hence much lower surface activity than IgG, Protein A, or even the mixture of the two proteins. The DST of the supernatant is very close to that of the Protein A-IgG mixture. This indicates that the Protein A-IgG complex particles or precipitates make little contribution to the surface tension of the mixture. The surface activity in the mixture at the 1:2 molar ratio of Protein A to IgG is due to the fact that there are still some free single molecules in the mixture after protein binding. FIGURE 6 Comparison of the dynamic surface tensions of IgG-Protein A complex, IgG-Protein A mixture, pure IgG, and pure Protein A. s, complex formed by 1.67 mM IgG and 8.35 mM Protein A; n, mixture of 1.67 mM IgG with 8.35 mM Protein A; r, supernatant of the above mixture after centrifuge treatment; d, 1.67 mM pure IgG; and j, 0.835 mM pure Protein A. The surface tension of the IgG-Protein A complex is clearly the highest, which indicates that this complex has little surface activity. The roughly equal surface tensions between the mixture and the supernatant indicate that the surface tension is essentially determined by soluble protein molecules, which are believed to be the free Protein A and IgG molecules left in solution after the binding reaction.
The interaction between IgG and Protein A -equilibrium surface tension analysis
To confirm the existence of molecular interactions and further determine the molecular binding ratio between Protein A and IgG, the EST of the mixture at a fixed IgG concentration (1.67 mM) but different Protein A concentrations, i.e., varying molar ratios of protein A to IgG is plotted in Fig. 7 . When assuming no interaction between Protein A and IgG, the EST of the mixture can be calculated using Eq. 3 (see the Theory section). We can see that the experimental EST of the mixture is higher than the theoretical one over the entire range of concentrations. The change in experimental EST with the Protein A concentration also shows a different trend from that of Eq. 3. Therefore, the assumption of no interaction is invalid, i.e., one must conclude that molecular interactions occur between Protein A and IgG in solution.
In Fig. 7 , the experimental EST of the two-protein mixture increases with increasing Protein A concentration from 0 to 0.835 mM, which corresponds to a 1:2 molar ratio of Protein A to IgG. With a further increase in Protein A concentration, the experimental EST drops down. This is a strong indication that the molecular binding ratio between Protein A and IgG is 1:2.
From the surface tension measurement of the Protein A-IgG complex precipitates, we know that the complex particles do not affect the surface tension of the mixture; this surface tension is mainly due to the presence of unbound protein molecules in solution. When the protein A concentration is increased in the mixture, more Protein A-IgG complex will form; as a result, less free IgG molecules will be left in the mixture and hence result in an increase in EST. The EST reaches a maximum when the molar ratio of Protein A to IgG at 1:2 (0.835 mM Protein A to 1.67 mM IgG). This indicates that only at the 1:2 ratio of Protein A to IgG, the amount of free proteins left in the mixture is the least. In other words, the maximum binding between Protein A and IgG takes place at the 1:2 molar ratio. In should be noted that the EST of the mixed protein A and IgG solution at the 1:2 ratio is lower than that of the complex precipitates formed by Protein A and IgG at the 1:2 ratio (see Figs. 6 and 7) . This indicates that there are still a small number of free proteins in the mixture even at the maximum binding ratio. When the concentration ratio between Protein A and IgG is over 1:2, no more complex can form even with a further increase in Protein A concentration. Excess free Protein A molecules exist in solution and cause the surface tension of mixture to decrease.
It should also be noted that the molecular binding ratio of 1:2 determined above is close to that reported in some of the literature (Sjöquist et al., 1972; Deisenhofer, 1981) , and is consistent with that suggested in the specification sheet of the Protein A provided by the supplier (ProZyme Co.).
It is worth noting that the current surface tension method requires small amounts of sample solutions; a minimum volume can be of the order of 1 ml (a volume range was 0.02-0.002 ml for the present experiments). In contrast, the best fluorescence spectrophotometer requires a minimum sample volume of 0.6 ml in a standard 10 mm cell; even a fluorescence microplate reader needs at least 0.2 ml of sample solution. The efficient use of the sample is particularly beneficial for the study of many expensive biological samples, which may be difficult to obtain in large quantities.
Another important feature of the surface tension probe is its high sensitivity. From Figs. 2 and 3, one can see that noticeable changes in dynamic surface tension occur with both protein solutions at such low concentrations as nanomol/L (1.67 nmol/L for IgG and 5 nmol/L for Protein A solutions). One can also see from Fig. 5 that surface tension changes of the mixture of the two proteins are still detectable even when the Protein A concentration is 5 nmol/ L. The sensitivity of the surface tension method can reach a nanomolar level, which is comparable to some of the best fluorescence methods (http://www.moleculardevices.com/ pages/max_bib5.html#protein-quant; http://www.turnerbiosystems.com/t2/doc/appnotes/998_2675.html).
Mass balance analysis
To confirm the binding ratio obtained above, the precipitates of the complex formed in the mixed solution of Protein A (0.835 mM) and IgG (1.67 mM) were dried after removing the supernatant. The dried complex particles were weighed for the calculation of the concentration of the complex FIGURE 7 The effect of Protein A concentration on the equilibrium surface tension of the mixture containing fixed IgG concentration of 1.67 mM and variable concentrations of Protein A. It is noted that the equilibrium surface tension reaches a maximum when the molecular ratio of Protein A to IgG is 1:2 in solution. This indicates that the maximum binding ratio or capacity is at 1:2 between this ligand-ligate pair.
precipitates. If two IgG molecules bind with one Protein A molecule to form a complex with a molecular weight of 342,000 (¼ 2 3 150,000 þ 42,000), the concentration of the complex of 0.756 mM is obtained. Theoretically, if Protein A binds to IgG at a 1:2 molar ratio, the concentration of the complex should be close to that of Protein A, i.e., 0.835 mM at its maximum. The difference in complex concentration indicates that a certain amount of proteins could still be left in solution after centrifuging.
As stated before, it is most likely that some free proteins are left in the mixture, even with the concentration ratio at the maximum binding capacity of 1:2. The surface tension caused by the free proteins left in the mixture should be the same as that of the supernatant after removing the complex precipitates. As shown in Fig. 6 , the supernatant has an EST of 64.4 mJ/m 2 . On the other hand, our recent investigation reveals that the surface tension of a mixture, in which the components have interactions with each other, is determined by the more surface active component (M. E. Biswas, C. Keyes, J. Duhamel, and P. Chen, unpublished data). Therefore, the surface tension of the supernatant, which should contain both Protein A and IgG, is mainly contributed by IgG. From the adsorption isotherm, an IgG concentration of 0.072 mM corresponds to the EST of 64.4 mJ/m 2 . Thus, the concentration of Protein A in the supernatant is half that of IgG and equals 0.036 mM. Adding 0.036 mM to 0.756 mM, a total concentration of 0.822 mM is obtained, which is reasonably close to the original concentration of Protein A (0.835 mM). Therefore, the mass balance analysis supports the earlier conclusion that the molar binding ratio between Protein A and IgG is 1:2.
The fact that a majority of the proteins formed the complex in the mixture indicates a large affinity constant, k d /k a , with k d being the dissociation rate constant and k a being the association rate constant. This is in agreement with a reported value (http://www.affinity-sensors.com/pdf/appnotes/APP-NOTES2-1.PDF) from a kinetics study, where the overall affinity constant was found to be 1.62 3 10 ÿ9 M upon assuming pseudo-first-order conditions. Of course, based on the determined molecular binding ratio of 1:2 between Protein A and IgG, it is plausible to assume a second-order kinetics with respect to IgG. This reported value nonetheless supports the notion that a majority of Protein A and IgG would bind together in solution.
It should be noted that the current surface tension approach cannot determine the affinity/binding constant of a pair of proteins precisely if they do not have distinct surface activity and hence surface tension values. From our data, the equilibrium surface tensions of Protein A and IgG are all within a relatively small range between 55 and 60 mJ/m 2 ; this makes it difficult to generate a binding isotherm for calculating the binding constant. We have since worked with another protein-ligand pair, bovine serum albumin (BSA) and 5-dimethylamino-1-naphthalene sulfonic acid hydrate (DNS); in this case, BSA is surface active at the A/W interface whereas DNS has little surface activity. After plotting the equilibrium surface tension values at different concentration combinations, both molecular binding ratio and affinity constant may be extracted through a kinetics analysis for the BSA-DNS system (Biswas et al., 2002) .
It is also worth noting that the present method is demonstrated to be useful only in determining the total number of binding sites or the binding ratio between the two molecules, and the detailed structural information on the binding sites cannot be extracted readily from the surface tension data.
UV spectrum of IgG-Protein A mixture
To further confirm the formation of the protein complex and its precipitates, the light absorbance experiment was conducted. In Fig. 8 , the UV spectrums of the pure Protein A and IgG solutions, as well as the mixture of Protein A and IgG, are recorded in the wavelength range of 190-400 nm. One can see that the pure IgG solution (2 mM) exhibits an absorbance peak at 280 nm, which is the characteristic peak of a protein containing tryptophan residues. In contrast, the absorbance of the pure Protein A solution (0.2 mM) at 280 nm is nonexistent because Protein A does not contain tryptophan residues (Nardella et al., 1985) . After mixing the two proteins in solution, the absorbance spectrum becomes time-dependent. The absorbance of the mixed protein solution declines a little immediately after adding the Protein A solution into the IgG solution (see Fig. 8 , spectrum at 10 s). This is due to the instantaneous dilution of the IgG solution. Then, the absorbance starts to increase, and reaches its peak at 45 min; afterwards, it decreases with time ( Fig. 9) . During this period of absorbance variations, the mixed solution was first becoming cloudy, and small precipitates were observed visually, which was not the case with either of the pure protein solutions. Then, the mixed solution turned clear again with diminishing deposition of the precipitates.
The formation of precipitates indicates that the two proteins reacted with each other after mixing and formed complexes. The Protein A and IgG complexes were likely to aggregate into much larger precipitates, which were observed to deposit to the bottom of the glass container. That is, molecular interactions between Protein A and IgG must have occurred in solution, which corroborates the conclusion from the surface tension measurements.
The change in absorbance spectrum of the mixed solution (Fig. 9 ) can be explained with the complex formation and deposition of the precipitates: The complexes and their aggregates in solution would scatter the incoming light, and this would result in a net effect of increase in absorbance. The deposition of the complex aggregates, or precipitates, to the bottom of the sample container would, on the other hand, make the solution clear, and hence result in less light scattering and a net effect of decrease in absorbance, as measured by the spectrophotometer. When the two proteins were first mixed in solution, the rate of Protein A and IgG complex formation and aggregation was higher than that of the precipitation. Therefore, an increase in absorbance was observed. Such an increase reached a maximum at 45 min (Fig. 9) when the overall rate of complex aggregate formation was equal to the precipitation rate. After 45 min, the precipitation rate became larger than the complex formation rate, and this would result in a decease in absorbance.
It is important to note that the absorbance maximum occurred at 45 min; this indicates that the Protein A and IgG complex aggregate formation is a relatively fast process. Certainly, during the several hours of the surface tension measurements, the Protein A should have more than sufficient time to bind with IgG in solution. Thus, the timedependent surface tension measured at late stages of the experiment should not be affected by the complex formation; rather, it is due to the individual protein surface adsorption and conformational changes, which is consistent with the earlier dynamic surface tension analysis.
CONCLUSIONS
A new method based on surface tension measurement has been developed for detecting molecular interactions; it can quantify molecular binding ratios (or capacities) between the interacting species. This method complements conventional approaches by being definite in determining molecular binding and flexible in sample preparation. For an important pair of biological ligand and ligate, Protein A and IgG, the existence of molecular interactions and the binding ratio of 1:2 have been determined unequivocally with the proposed surface tension method. These results have also been confirmed/supported by a mass balance calculation and spectrophotometry experiment.
FIGURE 9 Changes with time in the absorbance of the mixed solution containing 2 mM IgG (1 ml) and 2 mM Protein A (0.1 ml) at two wavelengths: 280 and 250 nm. It is noted that the absorbance peak occurs at ;45 min. FIGURE 8 The change in UV absorption of IgG and Protein A solutions due to molecular interactions with each other. The absorbances of both pure Protein A (0.2 mM) and IgG (2 mM) solutions were measured in the wavelength range of 190-400 nm. The absorbance change with time of the mixed solution of Protein A with IgG was recorded after adding Protein A solution (0.1 ml, 2 mM) to IgG solution (0.9 ml, 2 mM) in the same wavelength range.
In addition, through the dynamic surface tension measurements of Protein A and IgG aqueous solutions separately, surface adsorption isotherms have been established at room temperature. The results show that the Langmuir isotherm equation is a good approximation of describing the adsorption for both proteins at the air/water interface.
